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Formulas are presented for estimating the drag and lateral forces on misaligned

cylindrical vollers.

I. Introduction

In DSN Progress Report 42-45 (Ref. 1), a concept was pre-
sented which accounted for the maximum lateral forces induced
by a misaligned steel cylindrical wheel rolling on a flat track.
The concept may be understood by referring to Fig. 1, which
depicts the displacement as being comprised of two compo-
nents, namely, a frictionless rolling perpendicular to the axis
of the roller followed by a sliding parallel to the roller axis.
The concept is that the two actions occur simultaneously.
Since the rolling action is assumed to be frictionless, the resul-
tant frictional force acting on the roller is directed along the
roller axis in the sense indicated in Fig. 1. The components of
the resultant frictional force Wu acting on the roller along the
x and y axes are:

F o= -Wusin a )
Fy = Wucosa @3]

where W is the normal force between the roller and track and
w is the effective coefficient of sliding friction.

Although the foregoing concept produces a lateral force
which is approximately the same as the maximum values
obtained from tests, it is not valid for very small values of the
misalignment angle o. For example, Eq. 2 indicates that the
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maximum lateral force occurs when the misalignment angle is
zero, whereas tests show that the lateral force is zero for zero
misalignment, but increases to the full value of Wu within one
degree of misalignment.

The present report is a description of a concept which yields
formulas for the lateral force and the drag force in terms of
the misalignment angle o, the coefficient of sliding friction u,
and the rolling friction coefficient f, which pertains to the con-
dition of zero misalignment. From tests on various roller bear-
ings, good estimates of f can be obtained. Values of the sliding
coefficient of friction u can be obtained from many sources.

Il. Description of the Concept

The drag resistance of a roller comes from several indepen-
dent sources, among which are material hysteresis, viscosity of
lubricant, and sliding friction caused by a variation in the roll-
ing radius. The last effect, for the case of a cylindrical roller on
a track of greater width, may be understood by realizing that
the contact area between the loaded roller and track is not flat
but curved, such that the edge of the roller has a smaller roll-
ing radius than that of the center of the roller. The total drag
coefficient for a perfectly aligned roller f is some combination
of these factors, and its range and values can be obtained from
numerous published reports.




The concept used here is that the drag resistance of an
aligned roller is caused only by differential sliding of two dif-
ferent roller radii. The sliding on the smaller radius is opposite
to the roller motion and the sliding on the larger radius is in
the direction of the roller motion, and the effect of their dif-
ference is equal to Wf. If the roller undergoes an angular mis-
alignment «, a sliding along the roller axis occurs. The resul-
tant sliding direction is obtained by geometrically adding the
two sliding components, thus obtaining one direction for the
small radius and another direction for the large radius. The
resultant frictional forces must be coincident with these resul-
tant sliding directions. The total frictional force acting on the
roller is assumed to be the vector sum of the resuitant from
the small radius and the resultant from the large radius. The
side force Fg and the drag force F, are components of this
total frictional force.

In the following analysis of the forces it is assumed that the
bearing between the roller and its axle is frictionless.

lll. Analysis of the Forces

Figure 2 shows two positions of the wheel or roller. The
wheel is composed of radii » and R where r <R. Let the mean
of these two radii be p and assume that this ficticious p rolls
without sliding along the line a. As the wheel travels the dis-
tance U along the X axis, the r radius slips along line « by the
amount U[1 - (#/p)] cos @ in the sense shown in the figure.
From the figure it is clear that the radius 7 also slips perpen-
dicularly to line « by the amount U sin « in the sense indi-
cated in the figure. Similarly radius R slips along line o by the
amount . U [(R/p) - 1] cos « and slips perpendicularly to line
« by the amount U sin « in the senses shown in Fig. 2. The
sliding frictional forces associated with radii 7 and R, namely,
Wap and W(1 - &) u respectively, where 2 is the fraction of the
total normal force applied to radius r, will have the same direc-
tions as the resultant slip lines for radii r and R. Considering
the wheel as a free body, the senses of the forces Wau and
W(1 - &) u are as shown in Fig. 2.

By referring to Fig. 2, two equations of equilibrium may be
written by summing forces along line o and by summing
moments about the wheel center, as follows:

Wap cosy — W(l —a) pcos 8 = Wf 3)

Waurcosy-W({l-a)uR cosf = 0 @

When « is zero both v and § are zero. For this condition,
Eqgs. (3) and (4) become:

Wap - W(l ~ayp = Wf (5)
Wapr = Wu(l -a) R (6)

From (5)
a = (L+f/w2 (7

It is assumed that this value of @ holds for any value of . By
substituting (7) into (6) the following is obtained:

YT T2 1-flu ®

The radius p was defined as the mean of r and R; thus from

®),

_Fr+tR_r 1+ flu
P ‘2[“1-f/u]
_R 1-flu
=3 [1+1+f/u] | ©)
_ ¥ _ R
P =g T+l (10)
r_E_ -
1-2 =21 = fl (11)

Using the expressions for 1 - (#/p) and (R/p) -1 as given
by Eq. (11), namely f/u, the angle v and § of Fig. 2 may be
evaluated thus:

Usino

U (%) cos &

tan y = =—]‘%tana=tanﬁ (12)

From (12) the following expressions for sin y and cos vy may
be obtained:

Mtan «

sin ¥y = —F=—————— = sin 13
v V2 tan? o+ f2 f (13

cosy = e =
Viu? tan? o+ f2

The drag force Fj and the side force Fg are obtained
respectively by summing the x and y components of the forces
uWa and uW(1 - a), shown in Fig. 2, obtaining the following:

cos f8 (14)

175




'y
i

~ [aWu cos v = (1 —a) Wu cos 8] cos @

- [aWu sin v +(1 — @) Wu sin 8] sin a (15

e
]

s = [aWusiny + (1 ~a) Wusin 8] cosa
+ [(1 -~ &) Wy cos § ~ aWu cos v] sin « (16)

Substituting Egs. (7) (13) and (14) into (15) and (16), there
are obtained:

Fp 12 tan asin a+ f2 cos &

— 17
w o Vit tan? a+ f2? an

Fs  2tanacosa-f?sina

W Vu? tan® o+ f2 (18)

Equations (17) and (18) express the drag force and side
force in terms of the sliding coefficient of friction u and the
aligned roller coefficient f for any value of the misalignment
angle a.

Some of the test results from Ref. 1 are presented in Fig. 3.
The solid line pertains to the conditions of a clean track,
whereas the dashed line represents the average of all the tests

made. Two sets of u and f were evaluated by Eq. (18) and
compared to the test results.

Iv. Concluvsion

A simple analysis has yielded a formula for the lateral force
coefficient of a misaligned cylindrical roller on a flat track.
Reasonable values for the sliding coefficient of friction ¢ and
for the rolling drag coefficient f when inserted into the formula
produce values which agree quite well with the lateral force
test results of Ref. 2,

The drag force coefficient was calculated for a misalignment
value of 13.7 arc minutes and compared with the measured
values obtained on a model of an antenna wheel and track sys-
tem. The agreement as reported in Ref. 3 was good, but very
few tests were made.

A useful application of Egs. (17) and (18) is the estimation
of drag torque of an antenna employing a wheel and track
bearing system, and the estimation of the lateral forcesinduced
on the wheel by a slight misalignment.

The present analysis gives no explanation of the “stick-slip”
behavior of certain misaligned rollers reported in Ref., 2, and
observed on. the radial bearing of the 64-meter antenna at
DSS 14 when the roller misalignment exceeds a certain value.
It is hoped that further study will bring forth a quantitative
explanation of this phenomenon.
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ACTUAL PATH OF
MISALIGNED WHEEL

Fig. 1. Model of induced lateral force for frictionless wheel
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Fig. 2. Directions of slip of radius r and radius R
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RATIO OF SIDE FORCE TO NORMAL FORCE, FS/W
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Fig. 3. Comparison of calculated lateral force coefficients
with test results




